ABSTRACT We have isolated from vaccinia virus cores an enzyme, 5'-phosphate-polyribonucleotide kinase, that in the presence of ATP and Mg2+ catalyzes the conversion of 5'-phosphate and 5'-diphosphate termini of RNA to the 5'-triphosphate species. With the exception of dATP, other nucleoside triphosphates were inactive as hosphate donors; activity with dATP was 10%o of that observed with ATP The purified enzyme did not phosphorylate 5'-hydroxyl-or 5'-monophosphate-terminated polydeoxyribonucleotides, although a variety of 5'-monophosphateterminated RNA chains were active as phosphate acceptors. By using a coupled system of 5'-phosphatepolyribonucleotide kinase and guanylyltransferase in the presence of ATP, GTP, Mg2+, and S-adenosylmethionine, capping of 5'-P-,,5-PP-, and 5'-PPP-RNA was demonstrated; in the absence of 5'-phosphate-polyribonucleotide kinase only 5'-PPP-RNA was capped by guanylyltransferase. Vaccinia virus, a large DNA-containing virus that replicates in the cytoplasm of its host cells (1), contains a large number of enzymes, many of which are involved in the synthesis and processing of RNA (2). Virions made permeable in the presence of the four rNTPs synthesize 26S RNA that contains 5'-terminal cap structures and 3'-terminal poly(A). Current evidence suggests that this RNA is cleaved to yield 6-12S RNA products that are also capped and polyadenylylated (2).
Thus, the viral guanylyltransferase provides a specific reagent for detecting small amounts of 5'-PPP-terminated RNA chains. Using this method, we observed that 5'-P-RNA was guanylylated after incubation with ATP, GTP, and crude fractions prepared from vaccinia virions. We have purified the enzyme activity responsible for the activation of 5' termini of RNA. This activity, 5'-phosphate-polyribonucleotide kinase (5'-P-PR kinase), catalyzes the ATP-dependent phosphorylation of 5'-P-RNA chains, yielding 5'-PP-and 5'-PPP-RNAs.
MATERIALS AND METHODS Virus. Vaccinia virus (strain WR) was purified from infected HeLa cells by sedimentation through a sucrose cushion and two sucrose gradient sedimentations as described by Joklik (6) .
Enzyme Assay. Two methods were used interchangeably to measure 5'-P-PR kinase; the methods gave similar results. 2 ,uM ends of 5'-P-poly(A) of an average chain length of 50 nucleotides, and various amounts of 5'-P-PR kinase were incubated at 370 for 30 min. Reactions were halted by addition of 2 Mig of proteinase K in the presence of 0.1% sodium dodecyl sulfate; mixtures were incubated at 370 for 30 min, after which 0.2 ml of a solution containing bovine serum albumin (1 mg/ml) and denatured salmon sperm DNA (1 mg/ml) was added. The mixture was treated with 3 ml of 5% trichloroacetic acid; acid-insoluble material was collected by centrifugation, redissolved in 0.2 ml of a solution containing 0.1 M sodium pyrophosphate, and reprecipitated with 3 ml of cold 5% trichloroacetic acid. The precipitate was collected on glass-fiber filters, washed with 1% trichloroacetic acid and ethanol, and dried. One unit of 5'-P-PR kinase incorporated 1 pmol of 32p into an acid-insoluble form in 30 min. When purified fractions free of protein kinase activity were used, the proteinase K treatment was omitted.
Method 2: The reaction mixtures (50 ,l) were as described above except that unlabeled ATP and [5'-32P]poly(A) (1500-5000 cpm/pmol of 32P at the 5' termini) of an average chain length of 50 nucleotides replaced ['y-32P]ATP and unlabeled 5'-P-poly(A). After incubation at 370 for 30 min, the reactions were halted by addition of 1 ml of 5% trichloroacetic acid, and acid-insoluble material was collected by centrifugation. The pellets were dissolved in 50 ,l of solution containing 20 mM sodium acetate at pH 6.0, 2 mM ATP, and 10,ug of Penicillium nucleasef and incubated at 37°for 20 min. After the pH of the mixtures had been adjusted with 1 M sodium acetate at pH 4.5, the samples were incubated with 30 units of semen phosphomonoesterase at 37°C for 30 min. Subsequently, 1 ml of 5% trichloroacetic acid and 0.1 ml of 20% Norit-A charcoal were added, and Norit-adsorbed material was collected on glass-fiber filters. The filters were washed with 1% trichloroacetic acid and ethanol, dried, and assayed for radioactivity. Under the above conditions, one unit of 5'-P-PR kinase rendered one pmol of [5'-32P] poly(A) resistant to phosphomonoesterase.
Preparation of 5'-32P-Labeled Polymers. 5'-32P-Labeled polymers were prepared from 5'-OH polymers by using ["y-32P]ATP and 5'-hydroxyl-polynucleotide kinase as previously described (4) . All 5'-32P-labeled polymers were completely sensitive to bacterial alkaline phosphatase and to phosphomonoesterase under the appropriate conditions (3).t Abbreviations: rNTP, ribonucleoside triphosphate; 5'-OH-poly(A), 5'-hydroxyl-terminated poly(A); 5'-P-RNA, 5'-monophosphate-terminated RNA; 5'-PP-RNA, 5'-diphosphate-terminated RNA; 5'-PPP-poly(A), 5'-triphosphate-terminated poly(A); 5'-P-PR kinase, 5'-phosphate-polyribonucleotide kinase. Preparation of 5'-PP-Poly(A). This polymer was prepared from 5'-PPP-poly(A) by enzymatic cleavage of the y-phosphate residue of the RNA as previously described (4 
RESULTS
Purification and Properties of 5'-P-PR Kinase. 5'-P-PR kinase was purified at least 103-fold from isolated vaccinia virions (see Table 1 ). The enzyme activity is sensitive to sodium deoxycholate. Therefore, to avoid loss of activity due to exposure to the detergent, sonication of viral cores was carried out within 30 min of detergent addition. Although DNA-and RNA-dependent phosphohydrolases (9) copurified with the kinase early in the procedure, they were quantitatively separated during purification on DNA/agarose. Preparations of 5'-P-PR kinase have been stable for at least 3 months when stored at -20°in the presence of 0.4 M NaCl.
Substrate Requirements of 5'-P-PR Kinase. The requirement for a phosphate acceptor was satisfied by all 5'-P-or 5'-PP-terminated ribohomopolymers tested (Table 2 ); in addition, 5'-P-rRNAs were efficient substrates (data not shown). However 5'-OH-poly(A), 5'-PPP-poly(A), 5'-P-polydeoxynucleotides, and sonicated DNA were not phosphorylated by 5'-P-PR kinase (Table 2) . Thus, the enzyme exhibited specificity for mono-or diphosphorylated termini of RNA, but appeared to lack specificity with respect to the remainder of the RNA molecule. It should be noted however, that the rate of phosphate transfer to 5'-P-poly(A) was 2-fold greater than to 5'-PPpoly(A). The structure of the RNA (i.e., single-stranded, duplex, or mixed hybrid) had essentially no effect on the rate of phosphorylation of 5'-P termini of RNA. At equimolar concentrations of 5'-P termini the rates of phosphorylation of 5'-P-poly(I), 5'-P-poly(C), and 5'-P-poly(I)-5'-P-poly(C) were similar; ad- Purification steps were carried out between 00 and 40 except during the preparation of viral cores. Viral cores were prepared as previously described (4) by incubating 360 A260 units of purified vaccinia virus for 30 min at 370 in 4 ml of a solution containing 50 mM Tris-HCl buffer at pH 8.4, 5 mM dithiothreitol, and 0.5% nonionic detergent NP-40. To isolate cores, 1-ml aliquots were centrifuged in a Brinkmann-3200 centrifuge for 4 min, the supernatant was discarded, and the pellet was resuspended in 0.3 M Tris-HCl buffer at pH 8.4 containing 50 mM dithiothreitol, 0.25 M NaCl, and 0.1% sodium deoxycholate. The cores were incubated on ice in the detergent solution for 30 min and then further disrupted by two cycles of sonication and cooling at intervals of 10 sec and 3 min, respectively. The insoluble material was removed by centrifugation at 136,000 X g for 10 min. The high-speed supernatant (4 ml) was diluted with 1 ml of H20 and loaded onto a 4.7-ml DEAE-cellulose column (1 X 6 cm) equilibrated with 0.2 M NaClin buffer A [0.05 M Tris-HCl, pH 8.4/0.1% Triton-X-100/3 mM dithiothreitol/1096 (vol/vol) glycerol/1 mM EDTAJ. The column was washed with 10 ml of buffer A; active fractions, which were not adsorbed to the column, were pooled and diluted with buffer A to a concentration of 0.05 M NaCl (DEAE-cellulose I). This preparation was then applied to a DEAE-cellulose column (1 X 6 cm) equilibrated with 0.05 M NaCl in buffer A. Under these conditions 5'-P-PR kinase did not adsorb to the column and was collected in the effluent. This fraction was loaded on a phosphocellulose column (P11, 1.5 X 6 cm) that was equilibrated with 0.05 M NaCl in buffer A. The column was treated with a 100-ml linear gradient of 0.15 to 0.4 M NaCl in buffer A; 2.5-ml fractions were collected. The 5'-P-PR kinase activity was eluted at 0.35 M NaCl. Fractions containing activity were pooled and dialyzed for 3 hr against 0.05 M NaCl in buffer A until the salt concentration was lower than 0.07 M (phosphocellulose fraction).
This solution was then applied to a 1-ml DNA/agarose column (0.9 X 1.6 cm) equilibrated with 0.05 M NaCl in buffer A. The column was washed with 25 ml of the equilibrating buffer and the activity was eluted stepwise with 0.15,0.3, and 0.5 M NaCl in buffer A; the kinase was recovered in the 0.5 M NaCl wash (DNA/agarose fraction). The latter fraction (<10 ,g protein per ml) was used in all experiments described in this paper; this fraction was free of DNA-and RNAdependent ATP phosphohydrolase activities (9) . dition of 5'-P-poly(dT) to reactions containing 5'-P-poly(A) did not affect the rate of phosphorylation of the latter. However, the rate of phosphate transfer to duplex structures of 5'-Ppoly(U)-5'-OH-poly(A) was 50% of that observed with 5'-Ppoly(U) alone. 5'-P-PR kinase also catalyzed the phosphorylation of [5'-32P]AMP ( Reaction mixtures (50 gl) were as described in Materials and
Methods with 5'-P-poly(A); kinase activity was measured by incorporation of [-y-32P]ATP into an acid-insoluble form. In all experiments described above, the total numbers of ends (5'-OH, 5'-P, and 5'-PP) added in each mixture were the same. * X = A, C, or T. Sonicated DNA had similar low acceptor activity. tY = I, C, or U.
PP-A-P to PPP-A and PP-A, respectively. The di-and triphosphate products formed after phosphatase treatment comigrated with authentic ADP and ATP (Fig. 1 The rate and extent of phosphorylation was studied with limiting amounts of 5'-P-poly(A) or 5'-PP-poly(A). Under these conditions the reaction ceased when the added RNA was converted quantitatively to the triphosphate derivative (Fig. 2) . As shown, 2 mol Of 32p were incorporated per mol of 5'-Ppoly(A) added, while 1 mol of 32P was incorporated per mol of 5'-PP-poly(A) added. When the reaction had halted, the ad- (10 ,ug) In these experiments the acid-soluble products were analyzed by thin-layer chromatography on polyethyleneimine-F plates with 1 M LiCl as the developing solvent. Additional supportive evidence was obtained from the experiments described in Fig. 2 . In these experiments, all of the RNA termini were converted to triphosphate ends and the ratio of pmol Of 32p incorporated per pmol of termini of 5'-P-poly(A) to 5'-PP-poly(A) was 2:1. (Table 4 ). The low level of incorporation observed with 5'-PP-poly(A) has been attributed to contaminating 5'-PPP-poly(A) in the preparations (3) . However, addition of 5'-P-PR kinase and ATP to the guanylyltransferase system caused a greater than 70-fold increase in the rate of capping of 5'-P-and 5'-PP-poly(A), while that of 5'-PPP-poly(A) was unaffected and 5'-OH-poly(A) remained inactive as a substrate. Thus, the 5'-PPP-poly(A) synthesized from 5'-PP-and 5'-P-poly(A) by 5'-P-PR kinase was efficiently capped by guanylyltransferase in the coupled system. We have also used the guanylyltransferase system to follow the fate of the phosphate moieties introduced into ends by 5'P-PR kinase. § We have previously shown (S) that incorporation of phosphate residues into the capped structure by guanylyltransferase occurs as follows:
PPP-G + PPP-A-(A), G-5'-PPP-A-(A), + PP + P.
In the presence of S-adenosyl[3H1methionine, the capped structure was methylated to form 7-methylguanine by the intrinsic methylase activity of the guanylyltransferase (4, 5). When the capping and kinase reactions are coupled, the 5'-P-RNA yields a differently labeled triphosphate product than the 5'-PP-RNA as follows:
Thus, in reaction 1, the product formed retains the labeled ( In a system that coupled 5'-P-PR kinase and guanylyltransferase, 5'-P-and 5'-PP-poly(A) were capped. These studies show that guanylyltransferase can be used for the detection of low levels of 5'-PPP-RNA termini in the presence of 5'-PP-and 5'-P-RNAs.
The role that 5'-P-PR kinase has in the formation of viral mRNAs is not known, because, except for guanylylation and methylation of 5' termini, the processing reactions subsequent to transcription have not been elucidated. If viral mRNAs are generated from larger precursor molecules by endonucleolytic cleavages yielding 5'-P termini on pre-mRNAs (9-12), the kinase could function in the formation of 5'-PPP-termini, which ultimately would be converted to capped structures by the virion guanylyl-and methyltransferases.
In eukaryotes, processing of RNA plays an important role in the formation of mRNAs. Splicing of larger RNAs and editing of sequences occurs in a number of systems. It has been found that a number of mRNAs contain 5'-terminal leader sequences linked to polynucleotides derived from the 3' end of the premRNA. In yeast, a number of tRNA genes contain a 14 basepair intervening sequence that is not found in functional tRNAs. This sequence is transcribed and the pre-tRNA has been isolated. This pre-tRNA is processed to mature tRNA by an ATP-dependent excision-ligase activity contained in crude yeast extracts (11, 12) . The further purification of these activities will help define the nature of the excision-ligase activity and in particular define how the ends of the tRNA formed after editing are linked together.
